INTRODUCTION
45 different eukaryotic cytoplasmic (cy-) tRNAs contain unique sets of modifications in two groups 7 algorithms MitoFates [56] and iPSORT [57] to analyze the human TRIT1 sequence. iPSORT 149 predicted a MTS within the first 30 amino acids but doesn't predict cleavage. MitoFates was 150 designed to be an improved method for predicting cleavable N-terminal MTSs, referred to as 151 presequences, and their cleavage sites [56] . MitoFates predicted a MTS comprised of a TOM20 152 (translocase of the outer mitochondrial membrane-20) receptor binding site at amino acids 5-10 153 (AAARAV, Fig 1) followed by an amphipathic helix at 11-23 (PVGSGLRGLQRTL), but with a low 154 probability of a cleavable presequence of 0.106, well below MitoFates default cutoff of 0.5. Low 155 probability of a cleavable presequence is consistent with biochemical subfractionation that revealed 156 no evidence of size difference between lysate and matrix-localized TRIT1 in a gel that revealed size from these results that most cytoplasmic TRIT1 would appear to be due to mitochondrial localization 175 (Discussion). The fragment lacking the first 51 amino acids, TRIT1(52-467)-GFP, which did not 176 accumulate to the same levels as the other proteins ( Fig 2C) . This fusion protein was found 177 expressed in fewer transfected cells than the other constructs and although we do not know the basis 178 of this, some cells appeared to contain aggregates of GFP (data not shown). In cells in which 179 aggregates were not observed, TRIT1(52-467)-GFP was accumulated in nuclei ( Fig 2B, column 6 ). 180 The strongest evidence of mitochondrial localization by the TRIT1 MTS came from TRIT1(1-181 51)-GFP. First, GFP alone produced a diffuse pattern in nuclei and cytoplasm, with nuclei generally 182 more intense (column 1). By contrast, TRIT1(1-51)-GFP (column 4) was more intense in the 183 cytoplasm and with punctate foci that colocalized with MitoTracker. Second, these characteristics 184 including colocalized punctate foci were not observed with the point mutant, TRIT1(1-185 51:R17E/R21E)-GFP ( Fig 2B, column 5) . The data support the predicted amphipathic helix as a part 186 of the TRIT1 MTS because substitution of R17 and R21 impaired mitochondrial targeting. 187 Data here and not shown provide evidence that TRIT1 contains multiple trafficking elements 188 that distribute it to different subcellular compartments, similar to but distinct from Mod5 [45-47, 49, 189 59, 60]. Mutation of the MTS shifts distribution away from mitochondria. Importantly, as will be 190 shown in a later section, the R17E/R21E MTS mutations specifically impair i6A37 modification of 191 mt-tRNA, but not cy-tRNA modification by TRIT1. 192 193 Complementation of cy-tRNA Ser -mediated suppression in S. pombe. It was shown by monitoring 194 the codon-specific insertion of an amino acid in the active site of b-galactosidase that is critical for 195 enzymatic activity, that i6A37 increases the decoding activity of cy-tRNA Cys GCA by ~3-fold in S. 196 pombe [42] . Here, we used a codon-specific reporter for cy-tRNA Ser UCA-TMS, to examine if TRIT1 197 mutants can functionally complement S. pombe deleted of its IPTase, tit1D ( Fig 3A) . In this TMS 198 assay, isopentenylation of cy-tRNA Ser UCA is required for suppression of premature translation 199 termination at a UGA stop at codon position 215 of ade6-704 mRNA [61] , which results in a 200 decrease in intracellular red pigment [32] . The control strain yYH1 (tit1 + ) used as a reference, and 201 the test strain yNB5 (tit1D), contain the same suppressor-tRNA Ser UCA allele [17] . yYH1 (tit1 + ) is 202 pink (moderately suppressed) whereas yNB5 (tit1D) transformed with empty vector pRep82X is 203 unsuppressed, red ( Fig 3A, sectors 1 and 2) . Transformation of yNB5 with pRep-Tit1 under 204 transcriptional control of the tit1 + promoter, or pRep82X-TRIT1 under the nmt1 + promoter led to 205 suppressed, lighter color yeast (sectors 3 and 4). We note that pRep82X carries the weakest nmt1 + 206 promoter available in the pRepX expression vectors [62, 63] . pRep-Tit1-T12A is inactive [17] 207 (sector 5). pRep82X-TRIT1-T32A and pRep82X-TRIT1(57-467) are also inactive (sectors 6 and 8). 208 pRep82X-TRIT1(R17E/R21E) led to suppression (sector 7) comparable to TRIT1 (sector 4), 209 providing evidence that the mutations that interfere with mitochondrial targeting in human cells do 210 not impair cy-tRNA Ser UCA-TMS in S. pombe. 211 RNA from cells represented in Fig 3A were examined for modification of cy-tRNA Tyr GUA as 212 determined by an i6A37-sensitive northern blot assay (methods, Fig 3B) . This confirmed that 213 TRIT1-T32A, TRIT1(57-467) and Tit1-T12A were inactive while TRIT1 and TRIT1(R17E/R21E) 214 were active for i6A37 modification, and Tit1 was more active ( Fig 3B) .
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Moderate over-expression does not rescue inactive TRIT1 alleles for cy-tRNA Ser UCA TMS. As 217 noted in the Introduction, a TRIT1(57-467) isoform predicted to encode a protein beginning with 218 MQVYEGLD (see Fig 1) was active for cy-tRNA Tyr UAA-TMS in S. cerevisiae [33] . Because 219 pRep82X-TRIT1(57-467) was inactive for cy-tRNA Ser -TMS in S. pombe (Fig 3) , we suspected the 220 discrepancy between the studies might be due to expression levels; use in S. cerevisiae of a high 221 copy plasmid with a very strong promoter (GAL1) would produce large amounts of TRIT1(57-467) 222 [33]. We therefore compared TMS activity from expression constructs with the weakest and fused to chloramphenicol acetyltransferase (CAT) or LacZ, showed 45-75 fold differences in output 225 [62, 63] . pRep4X-TRIT1(57-467) did indeed produce substantially more accumulation of TRIT1(57-226 467) than did pRep82X-TRIT1(57-467) ( Fig 3D) , although without a hint of increased TMS activity 227 relative to pRep82X-TRIT1(57-467) ( Fig 3C) . Likewise, TRIT1-T32A remained inactive in pRep4X 228 ( Fig 3C) as did Tit1-T12A (not shown). TRIT1-F202L, was as active as TRIT1 and also not limited 229 by expression levels, and this was also true for TRIT1-(R17E/R21E) ( Fig 3C) . Fig 4A) . Thus, cy-tRNA Trp CCA exhibits very low substrate activity specific to TRIT1 (and 252 Mod5MTS-TRIT1), and relative to cy-tRNAs Tyr GUA and Ser AGA in the same cells. By contrast to 253 TRIT1, cy-tRNA Trp CCA is most efficiently modified by Tit1 followed by Mod5 ( Fig 4A, lanes 6 , 2, 254 1; and compare black with gray bars in Fig 4C) . The pattern obtained with ectopic pRep-Tit1 was 255 similar to yYH1(tit1 + ) (not shown). contain an AAA recognition element. Prior studies using standard PHA6 assay conditions accounted 260 for i6A37 modification of mt-tRNA Trp CCA at 25-30% in yYH1(tit1 + ) cells but only background 261 levels on mt-tRNA Cys GCA, while it was >75% on cy-tRNAs on the same blots [14, 42] . For the 262 present study, we determined that increasing the post-hybridization wash temperature, to 10-12.5°C 263 above standard conditions is necessary to reveal a difference in signal between IPTase positive and 264 negative sample mt-tRNAs (see Supp Fig S1) . As shown below, these optimal conditions revealed 265 mt-tRNA Trp CCA modification at ~75% for Tit1 and Mod5 but reproducibly only ~20% for TRIT1 266 ( Fig 4D-F) . By contrast, cy-tRNA Ser AGA was modified to ~70% by TRIT1 in the same cells, and 80-267 90% by Mod5 and Tit1 ( Fig 4A-C) . 268 We considered that multiple variables may contribute to tRNA i6A37 modification efficiency. In 269 the cytosol, cy-tRNA Trp CCA is an inherently poor substrate that must compete for IPTase activity 270 with variable-abundance multi-copy tRNA gene-derived cy-tRNA Tyr GUA, cy-tRNA Ser AGA, and cy-271 tRNA Ser UGA. In mitochondria, competition is predictably less because mt-tRNA Trp CCA and mt-272 tRNA Cys GCA sequences are single copy in mt-DNA. Another variable for mt-tRNAs may be the 273 IPTase concentration in the mitochondrial matrix, which is likely governed by their MTS activity. 274 It was previously shown that the MOD5 MTS is required for i6A37 modification of mt- 275 tRNA Trp CCA in S. pombe [14] . We examined MTS activity by first comparing N-terminal fusions as 276 schematized in Fig 4D; codons 1-28 of TRIT1 were replaced with codons 1-19 of MOD5. We 277 confirmed that Mod5-M1A, which initiates at M12 and lacks a MTS [45, 46] , was deficient for mt- 278 tRNA Trp CCA modification relative to Mod5 (Fig 4E, F) . Fig Raising TRIT1 levels with the strongest nmt1 + promoter, pRep4X-TRIT1 increased mt-tRNA Trp CCA 287 modification to ~45% ( Fig 5A, E) , higher than the ~20% achieved with pRep82X-TRIT1 ( Fig 4F) . 288 Importantly, biological triplicate determinations revealed that the MTS mutations in pRep4X-289 TRIT1(R17E/R21E) lowered mt-tRNA Trp CCA modification to ~6% while modification of cy-290 tRNA Tyr GUA was not affected by these mutations, and the negative control proteins, TRIT1-T32A 291 and TRIT1(57-467) showed negligible modification ( Fig 5A, E) . Similar to mt-tRNA Trp CCA, mt-292 tRNA Cys GCA modification was negligible with pRep4X-TRIT1(R17E/R21E) ( Fig 5B, E) . We note 293 that mt-tRNA Trp CCA and mt-tRNA Cys GCA were determined to be 80% and 90% modified 294 respectively in yYH1(tit1 + ) cells ( Fig 5B, E) . Thus, the R17E/R21E mutations that impaired TRIT1 295 MTS-mediated localization in HEK293 cells, also impaired modification of mt-tRNA Trp CCA and mt-296 tRNA Cys GCA in S. pombe mitochondria, while they had no effect on cy-tRNA Tyr GUA ( Fig 5E) nor on 297 cy-tRNA Ser UCA-mediated TMS ( Fig 3A) . The data provide strong evidence that the TRIT1 MTS is 298 functional in S. pombe. 299 TRIT1 concentration-dependent modification of the inferior substrate, cy-tRNA Trp CCA. We 301 wanted to examine if further elevation of cytosolic TRIT1 levels could lead to increased 302 modification of cy-tRNA Trp CCA. For this we made use of the Mod5MTS sequence for its high level 303 production of cytosolic protein due to the very favorable context of its M12 ATG for translation 304 initiation [65], for TRIT1 expression in S. pombe (Fig 6A-C) . Studies of MOD5 have shown that 305 suboptimal context of its first ATG (M1) accounts for relatively low levels (~10%) of the MTS-306 containing isoform, IPPT-I, as compared to the IPPT-II isoform (~90%) that begins at ATG (M12), 307 which resides within a strong consensus for efficient initiation [65-67] (Fig 6A,B) . As cloned in the 308 XhoI sites of pRep 82X and 4X, the context upstream of ATG (M1) of both TRIT1 and Mod5MTS-309 TRIT1 constructs are identical but suboptimal because they lack A at -3, a most conserved and 310 influential position [66, 67] ( Fig 6A, pRepXho1 ). This suggests that both pRepX-TRIT1 and pRepX-311 Mod5MTS-TRIT1 undergo comparable 'leaky scanning' (i.e., inefficient) initiation at their first 312 ATG, M1, and that a higher level of TRIT1 produced by Mod5MTS-TRIT1 would be due to more 313 efficient initiation at the second ATG, M12, the cytoplasmic isoform, as a result of its better context 314 ( Fig 6A, B ). Examination of TRIT1 expression was largely consistent with these expectations ( terminal MTS was also important because a popular algorithm predicts presequence cleavage at 348 position 47 which would remove residues critical for modification activity, including the conserved 349 P-loop containing the invariant catalytic T32, which we showed is required for efficient modification 350 activity of cy-and mt-tRNAs. A resolution of this problem was provided by the MitoFates algorithm 351 [56], which is an improved method for predicting cleavable N-termini MTSs, and indeed predicts a two component N-terminal MTS for TRIT1 ( Fig 1) but with very low probability of cleavage. 353 Subcellular fractionation had shown that TRIT1 colocalized to the lysate, mitochondria, and the 354 mitochondrial matrix fractions but with no evidence of cleavage [41] . Thus, our data and other 355 analysis favor a model in which the N-terminal MTS directs mitochondrial import of TRIT1 but do 356 not support cleavage. Furthermore, this work has established a S. pombe system that can be used to 357 study the efficacy of TRIT1 MTS for functional mt-tRNA i6A37 modification. 358 Another conclusion is that the TRIT1 IPTase exhibits substrate-specific deficiency for cy- 359 tRNA Trp CCA modification relative to the Mod5 and Tit1 IPTases, despite the presence of the A36-360 A37-A38 sequence identity element in this tRNA. The AAA sequence within the anticodon loop was 361 known to be a major identity element for E. coli IPTase, and to be influenced by specific base pairs 362 in the anticodon stem, as well as certain characteristics of the loop itself [70] . Our data are consistent 363 with the earlier findings but are distinct in that they show significant differences among eukaryotic 364 IPTases that are relevant to the variable identities of tRNAs-i6A37 found in nature (Table 1 ). We 365 show that increasing the cytoplasmic concentration of TRIT1 is able to partially overcome the poor 366 substrate activity of the cy-tRNA Trp CCA substrate ( Fig 6) . debilitated TRIT1 for i6A37 modification of mt-tRNAs, but not cy-tRNAs in S. pombe cells ( Fig 5) . 391 The data indicate that TRIT1 has a N-terminal MTS comprised of a TOM20 receptor binding site 392 followed by an amphipathic helix (Fig 1) but is probably not cleaved. 393 Amounts of TRIT1 in mitochondrial and submitochondrial fractions, and sensitivity to 394 proteinase treatment relative to GDH raised the possibility that a significant fraction of cytoplasmic 395 TRIT1 may be associated with the outer mitochondrial membrane [41] . We note that such a 396 possibility is consistent with our GFP-fusion construct imaging in which a substantial amount of 397 cytoplasmic TRIT1(1-51)-GFP and TRIT1-GFP would appear to be associated with mitochondria 398 ( Fig 2B) . . We should therefore suspect that some of the variability of 423 tRNA-i6A37 identities may reflect that in eukaryotes, in which tRNA gene copy number is variable 424 and dynamic [77-81], other mechanisms may compensate for lack of i6A37 on some tRNAs. 425 Differences in the identities of tRNAs that have been selected or not for i6A37 modification can 426 be due to sequence differences in the 37 and 38 positions, which contribute to the major IPTase 427 identity element, A36-A37-A38 or to species-specific characteristics of the IPTase, the latter as first 428 reported for Mod5 [17] and extended in this study to TRIT1. Thus, cumulative data now more firmly 429 indicate that both mechanisms contribute to tRNA-specific selection for i6A37 modification in the 430 cytosolic and mitochondrial translation systems of eukaryotes (Table 1) , and that this identity 431 appears to reside at least to some extent, i.e., for cy-tRNA Trp CCA, in the anticodon itself. 432 The i6A37 modification is found on nine of ten bacterial tRNAs that bear NNA anticodons 433 (Table 1 ). This suggests that ancient IPTases had broad recognition accommodation of tRNAs with 434 UNN codons [70] with the exception of tRNA Ser GGA even though it bears A36-A37-A38, although 435 this is not a substrate in eukaryotes which do not have functional genes for this tRNA [16, [81] [82] [83] . 436 The data that show that both Mod5 and TRIT1 exhibit low activity for cy-tRNA Trp CCA relative to 437 Tit1 and to other cy-tRNAs with the A36-A37-A38 identity element is consistent with the idea that 438 eukaryotic IPTases and their translation systems evolved decreased requirements among the UNN 439 decoding tRNAs for i6A37 modification ( with Mod5 afforded us the opportunity to assess its activity on an array of substrates not otherwise 447 readily available in an in vivo setting. This revealed two interesting results, that MOD5 exhibited 448 more activity for S. pombe cy-tRNA Trp CCA in S. pombe than it exhibits for S. cerevisiae cy-449 tRNA Trp CCA in S. cerevisiae, and that TRIT1 was more severely impaired than Mod5 for 450 modification of S. pombe cy-tRNA Trp CCA. With regard to the former we note that Mod5 expression 451 in S. pombe was directed by the strong nmt1 + promoter from the high copy plasmid (~20/cell). 452 Because accumulation in vivo can be influenced by protein sequence as well as mRNA determinants, Figs 3A, 4C ). It was further evident that TRIT1 was more severely 457 specifically impaired for cy-tRNA Trp CCA modification than Mod5 ( Fig 4C) . 458 An unexplained observation is the ~10-fold disparity with which pRep4X-TRIT1 modifies the 459 mitochondrial and cytoplasmic tRNAs Trp CCA, at 50% and 4%, respectively in S. pombe (Fig 6F) . 460 Although the basis for this is unknown, as described below, we suspect differential position 34 461 modification. This in part because the DNA encoding the anticodon loops and the proximal base pair 462 at the stem are identical in these tRNAs, and each of the other stem-loops share the same number of 463 nucleotides (Fig 7A-C) . As noted, the exact sequence of the anticodon stem of the poor substrate, 464 tRNA Ser GGA significantly impacts activity for the MiaA IPTase [70]. However, this system of 465 nucleotide identity that is applicable to MiaA:tRNA Ser GGA anticodon stem recognition cannot 466 account for the disparity here since the most negative element in that study, a G30-U40 base pair, is 467 present in the more favorable TRIT1 substrate, mt-tRNA Trp CCA but replaced by G30-C40 in the less 468 favored cy-tRNA Trp CCA, and the second most positive feature, purines at positions 29 and 30, is 469 lacking in mt-tRNA Trp CCA but present in cy-tRNA Trp CCA (Fig 7A, B) . Thus, either TRIT1 does 470 exhibit anticodon stem recognition but is very different from that of MiaA or another basis explains 471 the apparent discrimination by TRIT1 observed for cy-relative to the mt-tRNA Trp CCA.
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Because the mt-and cy-tRNAs Trp CCA exhibit 10-fold difference in substrate activity for TRIT1 473 in the cytosol and mitochondria of S. pombe, but are identical in their anticodon loops and of similar 474 structure elsewhere with ~50% sequence identity ( Fig 7C) Fig 3A) and the sequence alignment reveals that this is one of the diverged regions among the 511 IPTases (underlined blue in Supp Fig 2B) . The cumulative data suggest that different IPTases may i6A37. This number is greater in human mitochondria than in human cytoplasm (13 vs. 5, Table 1 ).
Second, the reverse is true for the yeasts ( [41]. The data in Table 1 are consistent with the idea that the human mitochondrial translation 538 system is more sensitive to loss of IPTase activity than the cytoplasmic translation system, and that 539 this may be due to the relative cognate codon load as well as the relative dependency on ms2i6A37. 
